1. Introduction {#s0005}
===============

Mantle cell lymphoma (MCL) is a distinct subtype of B cell lymphoma composed of small to medium lymphoid cells originating from CD5-positive follicular mantle B cells ([@bb0080], [@bb0070]). Due to an aggressive clinical disease course and incurability with standard chemotherapy, especially in the relapsed/refractory setting in which median overall survival (OS) is approximately 1--2 years with current therapies, MCL has the worst prognosis of B cell lymphomas ([@bb0070], [@bb0035], [@bb0105]). MCL therapy has progressed in the past decade due to clinical experimentation with novel agents and drug combinations. Most novel drugs were tested in relapsed/refractory patients. Lenalidomide showed particularly promising antitumor activities in MCL patients ([@bb0050], [@bb0150], [@bb0040]). Several clinical trials on lenalidomide for treating MCL are underway ([NCT01035463](ctgov:NCT01035463){#ir0005}, [NCT01865110](ctgov:NCT01865110){#ir0010}, [NCT01996865](ctgov:NCT01996865){#ir0015}) ([@bb0055], [@bb0065], [@bb0130], [@bb0075]). To date, there is no consensus on the best treatment approach for MCL.

At our center, a retrospective study revealed that a small cohort of patients with relapsed MCL who received lenalidomide and dexamethasone (LD regimen: for every 28 days, 10 mg lenalidomide was administered daily from d1 to d21, together with 20 mg dexamethasone at d1, d8, d15, and d22) as maintenance therapy had prolonged OS and progression-free survival (PFS), and showed low toxicity. Lenalidomide and dexamethasone had an obvious synergistic effect on the induction of apoptosis and inhibition of the cell growth of MCL cell lines *in vitro* that was better than that in myeloma lymphoma. However, the mechanism of the lenalidomide and dexamethasone synergy was unclear.

Based on the excellent synergistic effect of lenalidomide and dexamethasone, their mechanisms of action might share some common targets. Cereblon (CRBN) is a direct and therapeutically important molecular target of lenalidomide ([@bb0015], [@bb0060]), while the target of dexamethasone in MCL is unknown. In addition, the signaling pathways involved in regulating apoptosis and cell cycle that are responsive to lenalidomide and dexamethasone are unclear. Several signaling pathways have been implicated in MCL cell growth including Janus kinase 2/signal transducer and activator of transcription 3 (JAK2/STAT3), phosphatidylinositol 3-kinase (PI3K)/AKT, and AKT2/FOXO3A/BIM. A major driver of STAT3 activation is the cytokine interleukin-6 (IL-6), which signals through a heterodimeric IL-6 receptor (IL-6Rα/IL-6Rβ) to activate JAKs and induce STAT3 tyrosine phosphorylation. STAT3 activation in turn promotes IL-6 production and IL-6R expression, completing the positive feedback loop of the IL-6/STAT3 axis in MCL cells ([@bb0095], [@bb0100], [@bb0110], [@bb0020], [@bb0135]). AKT activation decreases cells in G0/G1 by phosphorylating the cell cycle inhibitory proteins p21^WAF1/CIP1^ and p27^KIP1^ ([@bb0135]). Activation of the AKT isoform AKT2 phosphorylates Forkhead box O3 (FOXO3A), inducing FOXO3A inactivation and reducing apoptosis.

In this study, we used CRBN short interfering RNA (siRNA) to show that CRBN was likely involved in the synergy between lenalidomide and dexamethasone. We detected CRBN expression in most of the MCL patients we examined, which together with low toxicity of the drugs probably underlied the effectiveness of the LD regimen as maintenance therapy. We explored how lenalidomide and dexamethasone might affect the IL-6/STAT3, PI3K/AKT and AKT2/FOXO3A pathways. We found that inhibition of IL-6/STAT3, PI3K/AKT and AKT2/FOXO3A/BIM activities, which are crucial for lenalidomide\'s inhibition of cell growth and promotion of apoptosis were also involved in dexamethasone-induced cell cycle arrest. We also found that CRBN expression correlated positively with LD regimen sensitivity, whereas long-term lenalidomide and dexamethasone exposure downregulated CRBN and induced multi-drug resistance. Removing lenalidomide re-upregulated CRBN and restored the LD regimen sensitivity, which provides a rationale for the intermittent use of the LD regimen to avoid drug resistance in MCL treatment.

2. Materials and Methods {#s0010}
========================

2.1. Cell Lines and Antibodies {#s0015}
------------------------------

The JeKo-1 cell line was obtained from the Cell Bank of the Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences. The Z138 and REC-1 cell lines were obtained from the Biology Corporation of Meiyan. JeKo-1 cells were cultured in RPMI 1640 medium (Gibco) containing 20% fetal bovine serum (FBS; HyClone), 1% antibiotics/antimycotics in a humidified 5% CO~2~ incubator at 37 °C. Z138 and REC-1 cells were similarly cultured except 10% FBS was added in medium. The CRBN antibody was purchased from Sigma-Aldrich. Other antibodies used for western blot analysis were purchased from Cell Signaling Technology. The apoptosis and cell cycle detection kits were purchased from Sigma-Aldrich. The antibodies for flow cytometry, including those against CD126 and CD130, were purchased from eBioscience. The IL-6 enzyme-linked immunoassay (ELISA) kit was purchased from R&D Systems.

2.2. Lenalidomide and Dexamethasone Treatment {#s0020}
---------------------------------------------

Dexamethasone (Sigma-Aldrich) was dissolved as previously described ([@bb0135]). Lenalidomide (Selleckchem) was dissolved in dimethyl sulfoxide. JeKo-1, Z138, and REC-1 cells were treated with either control reagents or with lenalidomide for 72 h and/or dexamethasone for 24 h. Following incubation, the cells were harvested as previously described to assess apoptosis, cell cycle status, and for western blot analysis ([@bb0110]). For the treatment of CRBN knockdown cells, lenalidomide was added to the cell suspension 16 h after siRNA transfection, and dexamethasone was added 20 h before cell cycle and apoptosis detection. The cell cycle and apoptosis were detected 72 h after siRNA transfection.

2.3. Drug Combination Analysis {#s0025}
------------------------------

The effect of drug combination was analyzed using the CI method, as defined by the following equation: CI = (OD490)AB / \[(OD490)A + (OD490)B\], where (OD490)AB was the absorbance of the LD regimen treatment group, and (OD490)A and (OD490)B were the absorbance of the groups treated with lenalidomide and dexamethasone alone, respectively. CI \> 1 indicated antagonism, CI = 1 indicated additivity, CI \< 1 indicated synergy, and CI \< 0.7 indicated significant synergy. Each CI ratio was the mean value calculated from at least three independent experiments.

2.4. IL-6 and IL-6R Detection {#s0030}
-----------------------------

JeKo-1 cells were treated with 200 ng/mL lenalidomide for 1 week before the IL-6 concentration was measured using ELISA. IL-6R (CD130/CD126) was detected by flow cytometry after one-week treatment of the cells with 200 ng/mL lenalidomide and 2-day treatment with 20 μM dexamethasone.

2.5. SiRNA Constructs and Transfection {#s0035}
--------------------------------------

Three CRBN siRNAs were synthesized by GenePharma.; the siRNA information is available in the Supplemental materials. The CRBN siRNAs were transfected into JeKo-1 cells using the transfection reagent INTERFERin (Dakewe Biotech) according to the manufacturer\'s protocol. Transfection efficiency was determined by flow cytometry (BD Biosciences) 8 h post-transfection using 5-carboxyfluorescein (FAM)-labeled siRNA (GenePharma). 12 h and 24 h post-transfection, proteins were analyzed by western blotting.

2.6. Development of Lenalidomide-resistant Cell Lines {#s0040}
-----------------------------------------------------

Lenalidomide-resistant JeKo-1 cells were selected by 2-week treatment with 0.5 μM lenalidomide. Then, lenalidomide treatment was discontinued for 1 week in one group of cells. For viability assays, cultures were initiated with 2 × 10^5^ cells/mL and treated with 200 ng/mL lenalidomide for 3 days. Apoptosis and cell cycle status were then detected using apoptosis and cell cycle kits, respectively (Sigma-Aldrich). The cells were harvested at 3, 7, 10, and 14 days to detect CRBN expression by western blotting. Following the 1-week discontinuation of lenalidomide treatment, the cells were again incubated with lenalidomide for 3 days and subjected to apoptosis, cell cycle status, and CRBN expression analyses.

2.7. Treatment of Cells With Chemotherapeutic Agents {#s0045}
----------------------------------------------------

JeKo-1 cells were separated into lenalidomide-susceptible, lenalidomide-resistant, and lenalidomide-resensitized groups. The cells were treated for 24 h with ara-C (20 μM), CTX (50 μM), DDP (20 μM), MTX (10 μM), or THP (1 μM), and apoptosis was measured following the treatment.

2.8. Retrospective Study of Patient Outcomes and Immunohistochemistry {#s0050}
---------------------------------------------------------------------

Our study involved the examination of the data of patients with MCL collected at Huadong Hospital affiliated with Fudan University, Shanghai, China, from 2009 to 2016, which received the approval of the Huadong Hospital ethical committee. We obtained forms of written informed consent from 23 participants prior to their inclusion in the study. CRBN expression in the lymph nodes was detected by immunohistochemistry and bone marrow pathology. In the LD maintenance therapy group, patients received 10 mg lenalidomide orally on days 1--21 of a 28-day cycle. Dexamethasone (20 mg) was given orally on day 1, 8, 15, and 22 every 28 days after complete or partial remission following chemotherapy. The first-line therapy was induction chemotherapy consisting of ara-C and autologous hematopoietic stem cell transplantation. The LD regimen was administered in relapsed or refractory patients until they achieved complete response or partial response. The patient follow-up methods are available in the Supplemental materials.

2.9. Statistical Methods {#s0055}
------------------------

A two-tailed Student\'s *t*-test was used to evaluate differences between *in vitro* test groups. p-Values \< 0.05 were considered statistically significant. Comparisons of the clinical features of the Lena + Dex maintenance and non-maintenance therapy groups were performed using the Student\'s *t*-test and chi-squared test. Survival was assessed using the Kaplan-Meier curve method, and survival between groups was compared using the log-rank test.

3. Results {#s0060}
==========

3.1. Low-dose Lenalidomide and Short-term High-dose Dexamethasone Improved Survival in a Small Cohort of Patients With MCL With Good Tolerance {#s0065}
----------------------------------------------------------------------------------------------------------------------------------------------

Twenty-three patients were included in the retrospective study of the administration of the LD regimen as maintenance therapy of MCL. MCL diagnosis was confirmed by lymph node biopsy or bone marrow biopsy. [Table 1](#t0005){ref-type="table"} shows the clinical features and survival of patients treated with or without Lena + Dex (LD) regimen maintenance therapy group and non-maintenance therapy group. There was no significant difference in the clinical features that could affect survival. [Fig. 1](#f0005){ref-type="fig"}A and B show the OS and PFS of patients in both groups. In the LD maintenance therapy group, the median OS was 1410 days (range, 900--1935 days) and the median PFS was 810 days (range, 660--1040 days). In the non-maintenance therapy group, the median OS was 555 days (range, 90--1020 days) and the median PFS was 300 days (range, 0--400 days). The LD maintenance therapy group displayed significantly improved OS and PFS compared with the non-maintenance therapy group (p = 0.005 and p = 0.001, respectively). All patients tolerated the maintenance therapy. No patient discontinued the therapy due to adverse effects. Of the seven patients treated with the LD regimen, one had mild thrombocytopenia and another had symptoms of fatigue. No patient had infections related to lenalidomide treatment (Supplemental Table 1).Fig. 1Survival of patients with MCL receiving LD maintenance Therapy.(A) Kaplan--Meier OS curves of patients in the Lena + Dex(LD) maintenance therapy group (n = 7) and the non-maintenance therapy group (n = 16); (B) Kaplan--Meier PFS curves of patients in the Lena + Dex(LD) maintenance therapy group (n = 7) and the non-maintenance therapy group (n = 16).Fig. 1Table 1Clinical features and survival of patients in the Lena and non-Lena treatment groups.Table 1ParameterPatients\
n/N (%)Median (95% CI)pAge at diagnosis≫ 50 y0.868 Lena7/759.4 (51--68) Non-Lena15/1662.3 (56.2--68.1)SexMale0.061 Lena6/7 Non-Lena12/16Ki67≫ 50%0.819 Lena3/740 (10--70)% Non-Lena6/1630 (15--70)%MIPI≫ 50.096 Lena5/66 (5--8) Non-Lena8/174.5 (3--7)Treatment response after first relapse1 (CR)/2 (PR)/3 (SD)/4 (PD)0.083 Lena5/2 Non-Lena6/5/4/1Auto-HSCTYes (0)/No (1)0.639 Lena5/2 Non-Lena10/6Fever, sweating, weight lossYes0.144 Lena3/7 Non-Lena4/16CRBN(+)(+)0.350 Lena7/7 Non-Lena14/16Disease-free survivalRelapse0.001 Lena1/7 (14.3%)300 (0--1259.7) Non-Lena14/16 (87.5%)0Overall survivalDeath0.005 Lena1/7 (14.3%)900 (463.6--1336.4) Non-Lena13/16 (81.2%)570 (240.4--899.6)[^2]

3.2. Low-dose Lenalidomide and High-dose Dexamethasone Caused Higher Apoptosis Rate, Cell Cycle Arrest, and IL-6 Signaling Inhibition in MCL Cell Lines {#s0070}
-------------------------------------------------------------------------------------------------------------------------------------------------------

We assessed the sensitivity of the JeKo-1, Z138, and REC-1 MCL cell lines to lenalidomide. After 3 days of treatment, 1 μM lenalidomide induced significant levels of apoptosis in each cell line ([Fig. 2](#f0010){ref-type="fig"}A, B, p \< 0.05), but not in myeloma cell lines (data not shown). Dexamethasone was added to the culture medium after 48-hour lenalidomide pretreatment and cells were further incubated with both drugs for 24 h. Addition of 20 μM dexamethasone greatly increased lenalidomide-induced apoptosis as compared with either drug alone ([Fig. 2](#f0010){ref-type="fig"}B, p \< 0.01). We also assessed the inhibition of JeKo-1, Z138, and REC-1 cell growth by either drug alone or in combination. We found that 20 μM dexamethasone combined with 1 μM lenalidomide greatly increased MCL cell growth arrest as compared with either drug alone in these cell lines ([Fig. 2](#f0010){ref-type="fig"}C, p \< 0.01). Moreover, we concluded that lenalidomide and dexamethasone had a significant synergistic inhibitory effect on MCL cell growth, based on a combination index (CI) of 0.17 in JeKo-1 cells, 0.26 in Z138 cells, and 0.15 in REC-1 cells as calculated by CompuSyn software ([Fig. 2](#f0010){ref-type="fig"}D).Fig. 2Apoptosis, cell cycle arrest, and IL-6/IL-6R levels in MCL cell lines treated with lenalidomide and dexamethasone.(A) Flow cytometry analysis of JeKo-1 cell apoptosis in the presence of lenalidomide and/or dexamethasone. (B) Apoptosis of JeKo-1, Z138, and REC-1 cells in the presence of lenalidomide and/or dexamethasone. All assays were performed in triplicate. Data are the mean ± SD. \*\*p \< 0.01. (C) Cell cycle status in JeKo-1, Z138, and REC-1 cells in the presence of lenalidomide and/or dexamethasone. All assays were performed in triplicate. Data are the mean ± SD. \*\*p \< 0.01. (D) CI in MCL cell lines treated with lenalidomide and dexamethasone at a proportion of 1:20. (E) IL-6 expression in JeKo-1 culture medium in the presence of 1 μM lenalidomide for 6 days and/or 20 μM dexamethasone for day 1, 3, and 5; (F, left) Histogram of IL-6R (CD126 and CD130) expression in JeKo-1 cells by flow cytometry in the presence of lenalidomide (1 μM) and/or dexamethasone (20 μM); (right) expression of IL-6R(CD126 and CD130) and soluble GP80 (IL-6R) detected by ELISA in the presence of lenalidomide (1 μM) and/or dexamethasone (20 μM) in Jeko-1 cells. Data are the mean ± SD. (\*p \< 0.05).Fig. 2

IL-6 exerts its biological action by binding to a membrane receptor complex consisting of IL-6Rβ (CD130) and IL-6Rα (CD126) ([@bb0135]). Human MCL cells express membrane CD130/CD126 as well as the soluble CD130, GP80. We examined the effects of lenalidomide and dexamethasone alone or in combination on IL-6 secretion and IL-6R expression in MCL cells. JeKo-1 cells were incubated with 1 μM lenalidomide and/or 20 μM dexamethasone for 6 days. IL-6 levels in the culture medium and IL-6R expression (membrane CD130/CD126 and soluble GP80) were assessed. Lenalidomide alone inhibited IL-6 secretion in a time-dependent manner ([Fig. 2](#f0010){ref-type="fig"}E, p = 0.02, d1 *vs* d6) and inhibited IL-6R (CD130/CD126) expression (p \< 0.01) ([Fig. 2](#f0010){ref-type="fig"}F). Dexamethasone alone did not inhibit IL-6 secretion ([Fig. 2](#f0010){ref-type="fig"}E, p = 0.53, d1 *vs* d6) and IL-6R (CD130/CD126) expression ([Fig. 2](#f0010){ref-type="fig"}F, p = 0.61, and p = 0.90, respectively) but enhanced lenalidomide-induced inhibition of IL-6 secretion ([Fig. 2](#f0010){ref-type="fig"}E, p = 0.002, d1 *vs* d6) and IL-6R (CD130/CD126 and GP80) expression ([Fig. 2](#f0010){ref-type="fig"}F, p \< 0.01, p \< 0.01, and p = 0.02, respectively).

3.3. CRBN Knockdown Decreased Lenalidomide and Dexamethasone Efficiency in MCL Cell Lines {#s0075}
-----------------------------------------------------------------------------------------

Given the synergistic effect of lenalidomide and dexamethasone, we speculated that the two drugs probably shared a common target. As CRBN is a target of lenalidomide, we performed siRNA knockdown of CRBN to explore its pharmaceutical significance. The transfection efficiency of siRNA in the MCL cells was over 90% (data not shown). CRBN siRNA reduced CRBN expression 24 h post-transfection as shown by western blot ([Fig. 3](#f0015){ref-type="fig"}A). Subsequently, we analyzed lenalidomide- and dexamethasone-induced cell cycle arrest and apoptosis. Lenalidomide (1 μM) was added to the culture medium 12 h after transfection with CRBN siRNA or negative control siRNA and the drug was replenished every 24 h. Dexamethasone (20 μM) was added to the culture medium 48 h after transfection. After 72 h following transfection, cell cycle status and apoptosis were analyzed using a cell cycle detection kit and an annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit, respectively. Lenalidomide and dexamethasone had synergistic effects on inducing cell cycle arrest (p \< 0.01, [Fig. 3](#f0015){ref-type="fig"}B). The effects were not observed following *CRBN* gene silencing (p = 0.25). Lenalidomide- and dexamethasone-induced apoptosis and cell cycle arrest also decreased after *CRBN* knockdown (p \> 0.05; [Fig. 3](#f0015){ref-type="fig"}C). These data demonstrate that *CRBN* is critically involved in the actions of both lenalidomide and dexamethasone in MCL cells. Accordingly, we performed immunohistochemical detection of CRBN expression in tumor biopsy samples. Of the 23 patients with MCL, 21 had CRBN-positive biopsies ([Fig. 3](#f0015){ref-type="fig"}D). The percentage of CRBN positivity among patients with MCL was higher than that in multiple myeloma in the study by Annemiek et al., in which among 73 patients with myeloma who received thalidomide, only 30 had detectable CRBN ([@bb0015]).Fig. 3Lenalidomide and dexamethasone targeted CRBN.(A) CRBN expression at 12 h and 24 h following *CRBN* gene silencing. (B) Apoptosis rate after CRBN silencing in the presence of lenalidomide (1 μM) and dexamethasone (20 μM). (C) Detection of cell cycle status and apoptosis rate after CRBN silencing in the presence of lenalidomide (1 μM) and dexamethasone (20 μM). Data are the mean ± SD (\*\*p \< 0.05). (D) CRBN expression in biopsy samples (40 ×) from patients with MCL. NC siRNA, Negative control siRNA.Fig. 3

3.4. Lenalidomide and Dexamethasone Synergistically Downregulated the IL-6/STAT3, PI3K/AKT and AKT2/Foxo3a/Bim Pathways in MCL Cells {#s0080}
------------------------------------------------------------------------------------------------------------------------------------

The IL-6/STAT3 axis is important for MCL cell growth, and lenalidomide and dexamethasone decreased STAT3 levels. Lenalidomide mainly reduced STAT3 expression, and dexamethasone mainly decreased phosphorylated STAT3 (p-STAT3); the drugs inhibited the IL-6/STAT3 axis synergistically ([Fig. 4](#f0020){ref-type="fig"}A).Fig. 4Lenalidomide and dexamethasone shared signal pathways in cell cycle and apoptosis regulation.(A) Western blot analysis of proteins from the PI3K/AKT2/FOXO3A and JAK/STAT3 pathways following treatment with lenalidomide (1 μM) and/or dexamethasone (20 μM). (B) Western blot analysis of PI3K/AKT and JAK/STAT3 pathways after CRBN silencing in the presence of lenalidomide (1 μM) and/or dexamethasone (20 μM).Fig. 4

The PI3K/Akt pathway is important for MCL cell growth and survival. Its inhibition completely or partially induces cell death ([@bb0060]). P110 is the catalytic subunit of PI3K and AKT/PKB is a primary downstream target of PI3K. We assessed the effects of lenalidomide and/or dexamethasone on the expression and phosphorylation of the PI3K/AKT pathway, focusing on important kinases such as P110, AKT, P27^KIP1^, and P21^WAF1/CIP1^, which affect cell cycle status and apoptosis. Lenalidomide and dexamethasone synergistically reduced P110 and AKT expression while increased the expression of the cell cycle inhibitory factors p21^WAF1/CIP1^ and p27^KIP1^. Lenalidomide mainly reduced AKT expression; dexamethasone mainly decreased p-AKT ([Fig. 4](#f0020){ref-type="fig"}A). Following *CRBN* gene silencing, we examined the expression levels and phosphorylation status of kinases in the JAK/STAT3 and PI3K/AKT pathways. In contrast to the observations made when CRBN expression was unchanged, we did not observe altered expression levels or phosphorylation status following lenalidomide and dexamethasone treatment ([Fig. 4](#f0020){ref-type="fig"}B).

Lenalidomide and dexamethasone act synergistically to promote AKT2/FOXO3A/BIM-mediated apoptosis. AKT2 activation promotes FOXO3A phosphorylation and degradation, downregulating the expression of the proapoptotic regulator, BIM, which induces apoptosis ([@bb0010]). Lenalidomide mainly reduced AKT2 expression and increased FOXO3A expression; dexamethasone mainly decreased p-AKT2 and p-FOXO3A; the drugs inhibited the AKT2/FOXO3A pathway synergistically ([Fig. 4](#f0020){ref-type="fig"}A). Upon CRBN gene silencing, all changes to the corresponding factors disappeared ([Fig. 4](#f0020){ref-type="fig"}B).

These results collectively indicate that lenalidomide and dexamethasone share crucial signaling pathways in inducing MCL cell cycle arrest and apoptosis and that CRBN is a very important target of the signaling regulated by lenalidomide and dexamethasone.

3.5. Multi-drug Resistance and Resensitization of MCL Cells From Long-term Lenalidomide Exposure and Drug Removal Accompanied Altered CRBN Expression {#s0085}
-----------------------------------------------------------------------------------------------------------------------------------------------------

We then assessed the sensitivity of MCL cells to lenalidomide after long-term lenalidomide treatment. JeKo-1 cells were cultured with 0.5 μM lenalidomide for 2 weeks. The cells were collected at day 7, 10, and 14. A group of treated cells was then cultured for an additional week without lenalidomide, and the cells were collected for analysis of CRBN expression. We found that CRBN expression gradually decreased following lenalidomide exposure. However, one week after the removal of lenalidomide, CRBN expression increased to the pre-treatment level ([Fig. 5](#f0025){ref-type="fig"}A). Cells (lenalidomide-sensitive, lenalidomide-resistant, or lenalidomide-resensitized) were subjected to additional treatment with 1 μM lenalidomide for 3 days or 20 μM dexamethasone for 1 day and the cell cycle status and apoptosis were analyzed. We found that the cells became resistant to lenalidomide following a two-week lenalidomide treatment and that with these cells, lenalidomide-induced apoptosis and cell cycle arrest were markedly reduced. The cells became resensitized after one week following the removal of lenalidomide and their responses to lenalidomide-induced apoptosis and cell cycle arrest were similar to those of the original lenalidomide-sensitive cells ([Fig. 5](#f0025){ref-type="fig"}B). Similarly, the cells became resistant to dexamethasone following lenalidomide exposure, and were resensitized following the removal of lenalidomide ([Fig. 5](#f0025){ref-type="fig"}C). The lenalidomide-sensitive, -resistant, and -resensitized JeKo-1 cells were subsequently treated with additional chemotherapeutic drugs, namely 50 μM cyclophosphamide (CTX), 0.2 μM therarubicin (THP), 10 μM methotrexate (MTX), 20 μM cisplatin (DDP), or 20 μM cytarabine (ara-C). After 24 h, apoptosis and cell cycle status were examined in each treatment group. The lenalidomide-resistant cells were resistant to ara-C, DDP, and MTX, but remained sensitive to CTX and THP. The lenalidomide-resensitized cells partly recovered the sensitivity to ara-C and DDP, but not to MTX ([Fig. 5](#f0025){ref-type="fig"}D).Fig. 5CRBN expression correlated positively with the LD regimen; long-term exposure to lenalidomide induced multi-drug resistance.(A) CRBN expression in JeKo-1 cells after treatment with 0.5 μM lenalidomide followed by 1-week removal of drug pressure; protein levels were normalized to β-actin. (B) Apoptosis and cell cycle status in lenalidomide-sensitive, -resistant, and -resensitized JeKo-1 cells after follow-up treatment with 1 μM lenalidomide. (C) Apoptosis and cell cycle status in lenalidomide-sensitive, -resistant, and -resensitized JeKo-1 cells after follow-up treatment with 20 μM dexamethasone. Data are the mean ± SD (\*\*p \< 0.01). (D) Apoptosis and cell cycle detection of JeKo-1 cells in the presence of ara-C (20 μM), CTX (50 μM), DDP (20 μM), MTX (10 μM), or THP (1 μM) in lenalidomide-sensitized, -resensitized, and -resistant JeKo-1 cells. Sensitized: No exposure to lenalidomide; resensitized: 1-week escape from lenalidomide; resistant: 2-week exposure to lenalidomide.Fig. 5

4. Discussion {#s0090}
=============

MCL has poor prognosis and is often difficult to treat. Clinical trials have attempted to explore better regimens for maintenance therapy of MCL. Various clinical trials have shown that lenalidomide is effective for treating MCL ([@bb0055]). Lenalidomide monotherapy was also efficacious in heavily pretreated patients with aggressive, relapsed/refractory non-Hodgkin lymphoma, even after autologous stem cell transplantation ([@bb0040]). In experimental models, lenalidomide blocked tumor cell proliferation and angiogenesis, and stimulated T-cell and natural killer (NK) cell-mediated cytotoxicity ([@bb0115], [@bb0120], [@bb0050], [@bb0145], [@bb0030], [@bb0045]). Our study revealed that lenalidomide and dexamethasone acted synergistically *in vitro*, increasing lenalidomide-induced apoptosis and cell cycle arrest by 2--3 folds in multiple MCL cell lines. The synergy is likely achieved by lenalidomide and dexamethasone exerting their effects through common target CRBN and signaling pathways. Lenalidomide and dexamethasone inhibited IL-6 secretion and IL-6R expression, reducing the activities of STAT3, PI3K/Akt and AKT2/FOXO3A pathways. Lenalidomide tended to reduce the expression of important kinases in these pathways, while dexamethasone tended to decrease the expression of phosphorylated kinases.

CRBN is the target of lenalidomide. Following direct binding, lenalidomide activates the E3 ligase activity of CRBN, resulting in the rapid ubiquitination and degradation of Ikaros and Aiolos, downregulating interferon regulatory factor 4 (IRF4), which is involved in regulating different molecular pathways such as cell cycle arrest and apoptosis ([@bb0090], [@bb0125], [@bb0140]). Dexamethasone might also target CRBN, whose expression correlated with sensitivity to the LD regimen, though more direct evidence needs to be obtained. CRBN positivity is very high in the MCL cells among patients with relapsed MCL in this study, which probably accounts for the effectiveness of the LD regimen in the maintenance therapy of MCL.

Based on the effect of lenalidomide and dexamethasone, what should be the appropriate treatment schedule of the LD regimen? Should we use it until disease progression? We found that long-term lenalidomide treatment downregulated CRBN expression and induced multi-drug resistance *in vitro*, including resistance to ara-C, DDP, and MTX. Following the withdrawal of lenalidomide, MCL cells recovered sensitivity to lenalidomide and dexamethasone. Long-term treatment with lenalidomide also results in the upregulation of T regulatory cells ([@bb0125], [@bb0085]), the presence of which is detrimental to tumor cell clearance ([@bb0140]). We suggest rotating the LD regimen with other regimens such as interferon-α (IFN-α) in the maintenance therapy of MCL.

As 25 mg lenalidomide per day in myeloma treatment may be intolerable in maintenance therapy due to the adverse effects, there is also the question of whether low-dose lenalidomide (10 mg per day) is more tolerable ([@bb0005]). We found that low-dose lenalidomide was sufficient for killing MCL cells, but did not achieve good effects in multiple myeloma cells (data not shown), and it had synergistic effects with high-dose dexamethasone on MCL cells. Low-dose lenalidomide was sufficient for exerting its immunoregulatory effects by activating dendritic cells, T cells, NK cells, and NKT cells, which are helpful in eliminating residual tumor cells ([@bb0025]). Therefore, we used 10 mg lenalidomide orally per day for days 1--21, combined with 40 mg per week dexamethasone orally for 6 months in rotation with IFN-γ 3 × 10^5^ IU twice a week for 6 months in the maintenance therapy of patients with MCL at our medical center, which greatly improved the PFS and OS of a small cohort of patients with relapsed MCL. We are also trying Rituximab instead of IFN-γ rotated with the LD regimen in the maintenance of MCL patients, and expect to publish the new data in the future. We also established that, in cases of lenalidomide resistance, alkylating agents and anthracycline drugs should be used, and platinum and anti-metabolic drugs such as ara-C and MTX should be avoided.

In the present study, the LD regimen elicited good responses in patients with relapsed MCL. Nevertheless, the number of patients in this study is limited. Our observations should be followed up with clinical trials and further studies.
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